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Mass spectrometric analysis of peptides with a total sample loading of several tens of
thousands of molecules (i.e., low zeptomoles) is demonstrated. At this low level of sample
loading, it becomes important to consider several very unique technical and fundamental
aspects that are not obvious in compatible experiments with a higher amount of sample
loading. We demonstrate that prudent matrix preparation allows analysis of peptides from
solutions with picomolar concentrations in matrix-assisted laser desorption ionization
(MALDI) mass spectrometry. Using microspot MALDI we demonstrate the introduction and
detection of 25,000 molecules of Substance P in a time-of-flight mass spectrometer. A method
based on probability theory is presented to estimate the minimum number of ions required for
generating a statistically significant isotope peak pattern of peptide ions. It is found that the
low boundary of ionization efficiency is 1–2% for Substance P. In addition, comparison of
macro- and microspot sample deposition techniques for Substance P shows that under the
experimental conditions used, a minimum of ;5 analyte molecules per mm2 are necessary to
generate useful signals. Implications of these results on further mass spectrometric develop-
ments towards even more sensitive detection are discussed. (J Am Soc Mass Spectrom 2001,
12, 1055–1063) © 2001 American Society for Mass Spectrometry
With recent advances in ionization techniquesand mass analyzers, mass spectrometry hasbecome an exquisitely sensitive technique for
peptide and protein analysis. While current mass spec-
trometric sensitivity is adequate for addressing a wide
range of biological problems, there is a genuine need to
further improve detection sensitivity. For example,
mapping the proteome of single cells requires ultrasen-
sitive MS detection. The amount of peptides and pro-
teins expressed in a single cell is usually less than 1
million copies per protein. Improving detection sensi-
tivity is also critical in characterization of post-transla-
tional modifications of proteins. In this case, extensive
sample workup necessary for unambiguous identifica-
tion of modification sites and structural characterization
of modifying groups often results in only trace amounts
of peptides for final MS analysis.
At present, analyzing very low abundance peptides
by mass spectrometry can still be a challenging task.
However, pushing beyond the current detection limits
of mass spectrometry (MS) methods is a realistic goal,
considering that analyzing ions in a mass spectrometer
can be an inherently very sensitive process. Using a
proper sample introduction method and an efficient
ionization technique, single atom analysis by mass
spectrometry was demonstrated more than two decades
ago [1]. While single molecule analysis by mass spec-
trometry has not been illustrated, there are no funda-
mental reasons that would exclude it from being a
method of single molecule detection. For the analysis of
molecular species such as peptides, an important issue,
besides the ionization efficiency issue, deals with sam-
ple introduction.
There are a number of techniques reported in recent
literature, on the improvement of detection sensitivity
of mass spectrometry based on electrospray ionization
[2–7] or matrix-assisted laser desorption/ionization
(MALDI) [8–14]. In our laboratory, we have been in-
volved in developing a nanoliter chemistry (nanochem)
station for peptide and protein analysis [12–14]. The key
feature of this nanochem station is handling sub-nano-
liter volumes of sample using a capillary tube [14]. The
low volume sample is then presented to a MALDI mass
spectrometer using a microspot sample deposition tech-
nique for MS analysis [12, 13].
In this work, we demonstrate the possibility of
detecting peptides with a total sample loading of sev-
eral tens of thousands of molecules (e.g., 25,000 mole-
cules of Substance P). This state-of-the-art detection is
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achieved utilizing a three-layer sample preparation
protocol in combination with microspot sample depo-
sition [13]. Equally significant is that at this low level of
detection, several fundamental issues related to ultra-
sensitive MS detection can be addressed. The issues
discussed in this work include the minimum number of
analyte molecules in a given area necessary to produce
analyte signal, the minimum number of ions needed to
produce a useful isotope pattern, and the overall detec-
tion efficiencies of MALDI-TOF for peptides. Based on
these results, practical aspects related to further im-
provement in MALDI MS detection sensitivity are dis-
cussed.
Experimental
Substance P, Lys- [Ala3]-bradykinin, and alpha-cyano-
4-hydroxycinnamic acid (HCCA) were from Sigma-
Aldrich Canada (Oakville, Ontario). To purify HCCA,
about 10 g of HCCA were first suspended in ;30 mL of
cold ethanol, filtered through a class C glass filter, and
the remaining residue was then recrystallized from
ethanol (95%) at 50 °C. Stock solutions of peptides at 1
mg/mL were made up and diluted in 0.6 mL siliconized
polypropylene vials (Rose Scientific, Edmonton, Al-
berta, Canada) using triple distilled H2O. A standard
dilution protocol was used for preparing dilute peptide
samples [15, 16]. Aliquots of stock solutions were stored
at 220 °C. Diluted sample solutions were made up
immediately before MS experiments.
Mass spectra of peptides were collected on a home-
built linear time-lag focusing MALDI-TOF mass spec-
trometer equipped with a nitrogen laser, 337 nm wave-
length, 3 ns pulse width, model VSL337ND (Laser
Science Inc., Newton, MA). This instrument has been
described in detail elsewhere [17]. Specific details on
data collection are given for each spectrum in the
Results section. Spectra were acquired and processed
with Hewlett-Packard supporting software and repro-
cessed with the Igor Pro software package (WaveMet-
rics, Inc., Lake Oswego, OR).
MALDI targets made of stainless steel were thor-
oughly polished using micromesh cushioned abrasive
sheets of different grades (Scientific Instrument Ser-
vices, Ringoes, NJ). As a final step, the targets were
micropolished using 1- and 0.3 mm alumina slurry on a
Buehler polishing cloth (Tech-Met Canada Ltd.,
Markham, Ontario). Targets were sonicated for 10 min
in a 1:1 mixture of methanol and 10% formic acid and
then rinsed with methanol. Targets were wiped with a
methanol-saturated paper towel just before matrix dep-
osition.
Prior to this work, microspot MALDI experiments
were performed with three- and two-layer matrix/
sample preparation methods [13, 18, 19]. For the sensi-
tive detection demonstrated in this work, an optimized
three-layer method was used and was found to be
critical in lowering the detection limit. As a first layer,
;1 mL of a 100 mM HCCA solution in a methanol/
acetone mixture (40%/60% by volume) was deposited
into the center of the MALDI target. The droplet spread
out over the whole cyclic target (4 mm diameter) and
formed a very thin matrix crystal layer. As a second
layer, ;0.4 mL of a saturated HCCA solution in a
methanol/H2O mixture (30%/70% by volume) was
deposited into the center of the first layer. The second
layer had a spot diameter of 1.5 to 2 mm. This layer was
also very thin and smooth and consisted of crystals of
2–3 mm in size. During matrix-layer formation, each
layer was carefully checked with a portable mini-
microscope (303 magnification). If any irregularities or
cavities were observed in the crystal layer, the target
was rinsed with water and methanol and the procedure
was repeated. Once the second layer had dried, 0.5 mL
of triple distilled H2O was deposited onto it and blown
off with pressurized air after ;30 s. This washing step
was then repeated.
Deposition of sub-nanoliter samples was accom-
plished using capillary tubes mounted in a nanoliter
chemistry station. This sample-handling device is illus-
trated in Figure 1. It was situated on a two-dimensional
(2-D) mounting stage of an inverted microscope system
Model IX 70, (Olympus, Melville, New York). Possible
magnifications are as follows: 403, 603, 1003, 1503,
2003, 3003, 4003, and 6003. For most applications a
magnification of 40 or 603 was sufficient. Pipette tip
holder and MALDI targets were sitting on the 2-D stage
whereas a 3-D manipulator holding the capillary was
mounted on a side bar that was independent of the 2-D
mounting stage. Two video cameras were employed to
assist in observing the sample handling. Observation
was made by one camera through the object and a
second camera was connected to a customized telescope
to give a magnified side view of the capillary. The
second camera was a valuable tool during sample
deposition since the view through the object alone did
not show the vertical position of the capillary during
sample deposition onto the matrix-covered target.
A 10 mm i.d. capillary tube was connected to a
syringe as shown in Figure 1 and used to draw a
Figure 1. Nanoliter chemistry station.
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sub-nanoliter volume of peptide sample from a hori-
zontally mounted pipette tip. To minimize analyte loss
due to adsorption onto the wall surface, the capillary
was treated with a siliconizing agent before use, Glass-
clad-18 (United Chemical Technologies, Bristol, PA).
The sample plug was observed under a microscope and
its volume was determined by using a calibrated recep-
tacle positioned in the eyepiece of the microscope. The
sample was then deposited directly from an approxi-
mately 0.1 mm distance onto the target in the center of
the second matrix layer, yielding a sample spot with
80–150 mm in diameter, depending on the deposited
volume. The target was then introduced into the mass
spectrometer. During analysis the sample spot was
scanned with a laser beam under video observation.
For comparison, analyte was also deposited by using
a conventional macro technique with regular pipetters.
Figure 2 shows a schematic comparison of the two
techniques. Approximately 50 nL of sample solution
was deposited directly into the center of the second
matrix layer. Handling of less than a 100 nL volume
with a Gilson P2 Pipetter (Mandel Scientific Ltd.,
Guelph, Ontario) was achieved only after the pipetter
went through maintenance and recalibration.
Results and Discussion
Figure 3 shows the mass spectra of two analytes depos-
ited from picomolar solutions with the macro sample
preparation method employing pipetters (i.e., Figure
2a). Substance P and Lys-[Ala3]-bradykinin were cho-
sen as analytes since they both have C-terminal argi-
nines and thus have better ionization efficiencies than
peptides without basic residues [20]. Also, neither ana-
lyte mass can be interfered by those of possible matrix
clusters [21]. For the spectrum of Substance P, 64
single-shot spectra out of a total of 220 were summed
and the signal to noise ratio is ;7:1. For Lys-[Ala3]-
bradykinin, 44 single-shot spectra out of 140 were
summed and the signal to noise ratio is ;6:1. When we
tried to use the microspot deposition technique to
analyze such low concentration of analyte solutions, we
could not obtain any useful signal. Only after increasing
the analyte concentration by about 20 times could
microspotted samples of Substance P be detected. Fig-
ure 4 shows the microspot MALDI results. In this case,
61 single-shot spectra out of a total of 305 were summed
and the signal to noise ratio is ;5:1. For all individual
spectra a single-shot spectrum was discarded if no
signal was observed at all three m/z values of the 13C0-,
13C1-, or
13C2-isotopes in the molecular ion region.
Several repetitive experiments were performed using
new stock solutions, thoroughly cleaned targets, and
new capillaries to ensure elimination of carryover.
Reproducible results were obtained for Substance P for
total sample loadings of 40–80 zeptomole or 25,000–
50,000 molecules. In all cases, after each sample spot
was scanned by the laser beam, any additional spectra
collected did not contain signals from the analyte mo-
lecular ions. This result suggests that after a sufficient
number of laser shots onto the spot, the majority of
available analyte molecules loaded on the target were
used up. This is a reasonable assumption because of the
nature of the deposition technique which places all
analyte onto a thin layer at the very surface of the
second matrix layer.
Since the intensities of the analyte signals shown in
Figure 4 are very low and MALDI signals are prone to
chemical background interference, several control ex-
periments were performed to ensure that the signals
observed were indeed from the ionization of peptide
molecules. Deposition of more concentrated peptide
samples produced MALDI spectra with proportionally
higher molecular ion signals (data not shown). Experi-
ments on matrix blanks were done to see if it were
possible to fabricate signals with the restriction of
adding a single-shot spectrum only when a signal was
found at an arbitrarily selected m/z range. Figure 5
shows the spectra obtained from such experiments. For
Figure 5a, 1,000 laser shots were fired onto a matrix-
covered target on which triple distilled water was
deposited instead of analyte solution. Only single-shot
spectra displaying at least one signal in the m/z range
1364–1367 (i.e., the same m/z range as for Substance P)
were summed. The result of 170 added single-shot
spectra is a peak with a signal-to-noise ratio of approx-
imately 2:1. Besides the low signal-to-noise ratio, the
lack of the typical isotope pattern of an analyte in this
mass range is further evidence of the authenticity of the
signal obtained in Figure 4.
To be certain that the fabricated signal is indeed due
to the arbitrary m/z range selection of the operator (and
not a trace carryover from former experiments), we
collected another spectra using the same target and
matrix preparation. One thousand laser shots were fired
at the target, but only single-shot spectra were added in
which at least one signal in the m/z range of 1377–1380
appeared. Figure 5b shows the spectrum of this exper-
iment and the obtained signal-to-noise ratio for the
peak is comparable to the one shown in Figure 5a.
Similar signals were obtained (data not shown) for
Figure 2. Schematic comparison of macro and microspot
techniques.
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other selected m/z ranges that did not contain the
possible matrix clusters.
While the signal-to-noise ratio is not high for the
spectra shown in Figures 3 and 4, an isotope pattern in
the molecular ion region is clearly observed in each
case. For example, in Figure 4 the area ratio of the first
three isotope peaks is 100:77:40, which is close to the
natural abundance of 100:79:38. [Relative abundances
were calculated using MS-Isotope at http://prospector.
ucsf.edu]. For five repeated trials, loading between
25,000 and 50,000 molecules, the average isotope ratio
was found to be 100:84 6 10:50 6 11 for the 13C0,
13C1
and 13C2 isotope peaks, respectively. This result indi-
cates that by loading less than 50,000 molecules onto the
mass spectrometer, a sufficient number of ions are
produced and detected that give rise to a useful isotope
pattern. At this low level of sample loading, it is
important to consider the minimum number of ions
required to produce an isotope pattern such as that
shown in Figure 4.
Figure 3. MALDI mass spectra of dilute peptides with the macro deposition technique as described
in the text. (a) 50 nL of 40 pM Substance P was deposited onto the second layer of HCCA (total
amount: 2 attomoles). (b) 50 nL of 70 pM Lys-[Ala3]-bradykinin was deposited onto the second layer
of HCCA (total amount: ;3.5 attomoles).
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We can use probability theory and statistics to esti-
mate the number of analyte ions that must reach the
detector in order to produce signals that give an isoto-
pic pattern reflecting their natural abundances. We
assume that introduction, ionization, and detection of
analyte molecules are non-biased, i.e., all the isotopes
are selected randomly according to their natural abun-
dance and create the same signal strength at the detec-
tor. This is a reasonable assumption in a linear time-of-
flight mass spectrometer with a multi-channel plate
detector where there should not be any transmission or
detection bias in this narrow mass range. For the
isotope pattern of Substance P, we limited ourselves to
the three most abundant isotopes, i.e., 13C0,
13C1, and
13C2. The relative abundances for
13C0,
13C1, and
13C2 are
0.421, 0.336, and 0.164, respectively, [http://prospec-
tor.ucsf.edu]. The sum of these abundances or proba-
bilities is 0.921 or 92.1%. Thus, for any given number of
ions reaching the detector, it is very likely that they
belong to one of the three isotopes, i.e., 13C0,
13C1 or
13C2. However, the probability that the ratio of these
three isotopes resembles the natural isotope pattern will
depend on the number of ions that reach the detector.
It is intuitive that a larger number of ions will more
likely generate a pattern close to the natural abundance
ratio. This is true for most conventional MS experiments
where sample loading is sufficiently high. But for
experiments with a limited number of ions reaching the
detector, we can calculate the probabilities of obtaining
an isotope pattern consisting of three isotope peaks
with their abundance or ion counts falling into a certain
range. For example, if 100 randomly selected analyte
ions reach the detector and create a signal, the proba-
bility that 38–46 ions (i.e., 610% range for 13C0) are
13C0
isotopes can be calculated as seen below. First let us
examine the probability for any number of ions being a
13C0 isotope [22].
Pn~m! 5 Cn
mpmqn2m (1)
where n 5 total number of ions (i.e., 100), m 5 number
Figure 4. MALDI mass spectrum of Substance P using the microspot deposition technique as
described in the text. 50 pL of a 0.8 nM solution of Substance P was deposited onto the second layer
of HCCA (Total amount: ;42 zeptomol or 25,000 molecules).
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between 0 and n, Cn
m 5 number of possibilities 5
n!/(m!(n 2 m)!), p 5 relative abundance of the isotope,
and q 5 1 2 p.
To calculate the probability that 38–46 ions are a
13C0-isotope, the above formula for m 5 38 to 46 where
n 5 100 and p 5 0.421 is
O
m538
m546
Pn~m! 5 0.64 (2)
This means that there is a 64% chance of getting 38–46
13C0-isotope ions when 100 ions are detected. For the
second isotope (13C1) there is a 60% chance of getting
30–37 ions, and for the third isotope (13C2) there is a
58% chance of getting 14–19 ions. The overall probabil-
ity of getting an isotopic resemblance within a 610%
range of the natural abundance for each of the three
isotopes is the product of these three probabilities and is
0.22. Thus, there is only a 22% chance to get such an
isotopic resemblance if 100 ions reach the detector and
create signals. For larger numbers of ions the above
formula has to be modified, since PCs cannot readily
calculate factorials for n . 170. We therefore use a
proximity formula to calculate the probability Pn(m) for
larger numbers of n [22].
Pn~m! <
1
˛2pnpq e
21/2Sm2np˛npqD2 (3)
Figure 5. Fabricated signals from a matrix blank as described in the text. (a) 170 single-shot spectra
out of 1,000 trials were summed and averaged. (b) 190 single-shot spectra out of 1,000 trials were
summed and averaged.
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Table 1 shows the results for an array of different
numbers of ions as well as for two different tolerance
ranges. As it can be seen from Table 1, if 10 ions are
detected, there is only a ;4% chance of producing an
isotope pattern with peak intensity variations of 610%.
The probability increases to 14% when the peak inten-
sity variations are 620%.
Note that in the probability calculation, intensity
variation is measured by the changes in absolute num-
ber of ions. In an actual MS experiment, relative inten-
sity of peaks is measured. In this regard, 65% absolute
intensity variation can be translated into relative inten-
sities of 100% for 13C0 (i.e., intensity normalized to this
ion peak), 73 to 88% for 13C1, and 35 to 43% for
13C2. In
the microspot experiments, between 25,000 and 50,000
molecules were loaded to produce an isotope pattern
that has an averaged relative intensity variation of
about 63 to 95% for 13C1 and 17 to 61% for
13C2 from
three trials, which puts this experiment into the range
of 620% absolute intensity variation in probability
calculation. Thus, from Table 1 we can conservatively
estimate that with 80% probability at least 200 ions
are actually detected by the mass spectrometer in order
to produce an isotope pattern such as that shown in
Figure 4.
Estimation of the minimum number of ions required
to generate a given isotope pattern should allow us to
establish the low boundary of ionization efficiency
(LBIE) for Substance P by MALDI. In our mass spec-
trometer three grids are used, each with 90% transmis-
sion, giving an overall ion transmission of about 73%.
We use two multi-channel plates (MCP) in a chevron
setup as a detector. Detection efficiency with this setup
depends on the open area ratio (OAR) of the frontal
MCP, since an approaching ion can only produce a
signal when it enters a microchannel. The OAR is the
ratio of the open area (channel holes) to the total area of
the MCP. For the employed MCPs in our detector setup,
the OAR is ;60%. [Electro-optics website at http://
www.kore.co.uk/mcp-faq.htm]. Another issue is the
detection efficiency of the MCP itself, i.e., how probable
it is that an ion entering a microchannel actually pro-
duces secondary electrons. Geno and Macfarlane dealt
with this issue more than ten years ago [23] and their
model is considered an adequate tool to estimate con-
version efficiencies. [Personal communication, Dr. Scot
Weinberger, Ciphergen, Fremont, CA]. For peptide ions
with a velocity of more than 30,000 m/s the probability
of an ion creating secondary electrons in an MCP is 1 or
100%. In our home-built instrument we use a 20 kV
acceleration voltage and thus we can calculate the final
velocity of the peptide ions employing the basic time-
of-flight equations. Oxidized Substance P has an accel-
eration voltage velocity of about 53,000 m/s. This
velocity is far above the necessary velocity of ;30,000
m/s to reach 100% probability of secondary electron
emission. Thus, all Substance P ions entering a micro-
channel should create a signal. However, the manufac-
turer states that for ions in the energy range of 10–50
keV the MCP has a detection efficiency of ;75%
[http://www.kore.co.uk/mcp-faq.htm]. This efficiency
is attributed to unknown factors affecting the conver-
sion of ion impact into secondary electrons. Assuming
all ions generated in the source are focused to the
detector and subsequently detected with grid transmis-
sion loss and detector efficiency taken into account, a
minimum number of about 600 ions must be produced
according to the following calculation.
200
~73% 3 60% 3 75%!
< 600 (4)
Since the sample loading is between 25,000 to 50,000
molecules, the LBIE for Substance P can now be calcu-
lated by
LBIE 5
600
Number of deposited molecules
(5)
In our case the low boundary of ionization efficiency for
MALDI of Substance P is 1–2%.
From a practical application point of view, to accu-
rately detect an unknown peptide mass, we commonly
compare the isotope pattern observed in an experiment
with that calculated from natural abundance to deter-
Table 1. Relationship between number of ions reaching the detector and probability of correct isotopic representation for Substance
P
Number of ions
reaching the
detector and
creating a signal
Probability that the first three isotopic
peak signals are represented each
within 610% of their natural
abundance
Probability that the first three isotopic
peak signals are represented each
within 620% of their natural
abundance
10 3.8% 14.0%
50 14.3% 43.1%
100 22.4% 59.5%
200 32.9% 77.7%
500 59.9% 95.8%
800 77.8% 98.9%
1000 84.3% 99.6%
1200 93.3% 99.8%
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mine the C12 peak. Due to the finite probability associ-
ated with the detection of certain isotope peaks, the
number of ions necessary for mass measurement must
be sufficiently high to ensure that a useful pattern is
generated. If isotope statistics become the limit for
defining the C12 molecular ion peak (e.g., in detecting
thousands of ions for peptides), one may use isotope
depletion experiments to overcome this limitation. Iso-
tope depletion combined with mass spectrometry has
been demonstrated by Marshall and coworkers for
other applications [24]. In the experiments, peptides
and proteins are expressed in special cell growth media
that allow the enrichment of certain types of isotopes,
resulting in predominately single-isotope peaks for the
molecular ions. In theory, single ion detection with
isotope-depleted samples can be used to define the
molecular ion of a peptide.
Although a minimum of 200 analyte ions are be-
lieved to be detected, the signal to noise ratio for the
analyte is very low as shown in Figure 3. This is
probably partly due to the higher background noise
associated with the MALDI process. The background
level or baseline of the spectrum rises as laser desorp-
tion takes place from samples with or without the
addition of analyte. Considering the continuous nature
of the baseline, the noise is not from discrete matrix
clusters which bear a unique pattern that can be readily
identified [21]. The magnitudes and shapes of the
background noise also suggest that they are not from
digitizer quantum noise. The background noise is likely
from random detection events associated with ions and
neutrals that reach the detector. In designing the ion
source for our linear TOF [17], we noticed that if the
grid size for the extraction plate was small (i.e., 0.5 cm
in diameter; the current design is optimized at 1 cm) the
baseline became severely elevated. We can use the
following scenario to possibly explain the observed
baseline elevation. After the ions are generated by
MALDI, ions expand in the region between the repeller
and extraction plate during the time-lag period. The fast
moving ions such as matrix or matrix cluster ions
expand away from the center of the expansion axis
because of radial velocity [25]. When the extraction
voltage is applied, some of these ions will hit the
extraction plate. The ions composed of the original
impact ions, dissociated fragments, and secondary ions
from the plate can reflect back to the extraction zone
and be accelerated and likely focused to the detector.
However, these ions will not have finite starting points
and thus be detected as continuous background. With
the reduction in grid size, more ions will hit the
extraction plate, hence the more elevated baseline.
Another possible cause of elevated baseline is from the
detection of neutral species. This is evident from the fact
that when a high voltage is applied to the ion gate to
deflect all ions away from reaching the detector, an
elevated baseline is still observed. Ions during extrac-
tion and acceleration can convert into neutral species
that maintain the same velocities as their corresponding
ions.
The above discussion only suggests some possible
sources of the observed background noise. It is clear
that to further improve detection sensitivity, efforts to
reduce background noise are vital. In turn, this calls for
a better understanding of the MALDI process and
further optimization of the TOF instrument design,
particularly those related to source and ion detection.
Customized low noise detectors with open area ratios of
up to 80% are available and might be one way to
improve ion detection [http://www.kore.co.uk/mcp-
faq.htm]. Alternatively one can explore the possibility
of differentiating analyte ions from background ions by
using techniques such as MS/MS. For example, tandem
TOF/TOF has been demonstrated recently [26].
Another area of potential sensitivity improvement is
in sample preparation. As mentioned above, the mi-
crospot technique worked only with the use of a rela-
tively high concentration solution compared to the
macro preparation. Since MALDI is carried out essen-
tially from a solid solution where the analyte is dis-
solved in a host of matrix molecules, we need to
consider the analyte concentration in the matrix host or
the molecule density of the analyte in the solid. Table 2
compares the macro and microspot deposition tech-
niques for Substance P. It shows that a minimum
concentration of ;5 molecules of analyte per mm2 is
necessary to obtain useful signals, assuming that all the
analyte molecules are located close to the surface of the
matrix layer. If a 40 pM solution is deposited by the
microspot technique, the area concentration will be
about 0.25 molecules per mm2 or 25 molecules per 100
mm2, which is too low to generate any useful signals.
The fact that a minimal analyte density is required to
generate useful analyte signals is likely related to the
presence of background noise in the analyte mass
range. The number of analyte molecules desorbed and
ionized from a laser shot has to be sufficiently high to
produce an analyte signal with its intensity above the
noise level.
The data shown in Table 2 suggests that if the spot
area can be further decreased while still meeting the
concentration requirement of five analyte molecules per
mm2, the detection limit can be lowered further. De-
creasing the microspot size can be achieved by using a
smaller capillary for deposition. However, handling of
Table 2. Comparison of macro and microspot techniques for
Substance P
Macro
preparation
Microspot
preparation
Sample concentration 40 pM 800 pM
Volume deposited 50 nL 55 pL
Spot diameter 0.55 mm 0.08 mm
Spot area 240,000 mm2 5000 mm2
Total amount deposited 2 attomole 42 zeptomole
Area molecular density 5 molecules/mm2 5 molecules/mm2
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picoliter amounts in smaller i.d. capillaries becomes
increasingly difficult because of the higher surface to
volume ratio which leads to stronger tension forces
inside the capillary. If smaller sample spots were attain-
able, the laser spot size responsible for matrix and
analyte desorption would become an issue as well. A
laser spot larger than the sample spot would introduce
undesired background signals because there would be
more matrix desorption than necessary for sufficient
analyte desorption and ionization. Currently we are
unable to determine the actual laser spot size at the low
energies used for analysis. Extrapolation of spot size
from current spot area data obtained by blasting a hole
into a thin matrix layer using higher laser powers is not
readily possible since the energy distribution in a laser
plume approximates a gaussian curve [27]. For lower
laser energies a linear drop in spot size compared to the
higher laser energies can therefore not be expected.
According to the manufacturer of our 337 nm nitrogen
laser (Laser Science Inc., Newton, MA) a minimum spot
size diameter of less than 1 mm can theoretically be
achieved when using an aberration corrected micro-
scope objective. However, this is experimentally very
difficult for MALDI, since it would mean bringing the
focusing objective very close to the repeller in the
source region.
One possible approach of addressing the sample
preparation issue is to utilize techniques commonly
used in micro-fabrication (see, for example, the Anchor-
Chip technique [28, 29]) to create matrix dots with small
diameters, followed by deposition of analyte on top of
the matrix dots. In this case the laser spot size would
not matter as only the matrix from the sample/matrix
spot could be desorbed and problems due to enhanced
background signals would be eliminated. Work in this
direction is planned in this laboratory in an attempt to
further reduce the absolute detection limit without
radical changes in MALDI-TOF instrumentation.
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